Human enteroviruses (EV) and parechoviruses (HPeV) within the family Picornaviridae are the most common causes of viral central nervous system (CNS)-associated infections including meningitis and neonatal sepsis-like disease. The frequencies of EV and HPeV types identified in clinical specimens collected in Scotland over an eight-year period were compared to those identified in sewage surveillance established in Edinburgh. Of the 35 different EV types belonging to four EV species (A to D) and the four HPeV types detected in this study, HPeV3 was identified as the most prevalent picornavirus in cerebrospinal fluid samples, followed by species B EV. Interestingly, over half of EV and all HPeV CNS-associated infections were observed in young infants (younger than three months). Detection of species A EV including coxsackievirus A6 and EV71 in clinical samples and sewage indicates that these viruses are already widely circulating in Scotland. Furthermore, species C EV were frequently identified EV in sewage screening but they were not present in any of 606 EV-positive clinical samples studied, indicating their likely lower pathogenicity. Picornavirus surveillance is important not only for monitoring the changing epidemiology of these infections but also for the rapid identification of spread of emerging EV and/or HPeV types.
Introduction
While poliovirus (PV) eradication is approaching its goal, other picornaviruses, including enteroviruses (EV) and parechoviruses (HPeV) are growing in clinical importance. In Europe, EV are the most common cause of viral meningitis in children and young adults, and the newly emerging HPeV type 3 is proving to be an important cause of central nervous system (CNS) infection in neonates [1] . At the same time, the incidence of hand, foot and mouth disease (HFMD) and severe EV71 infections in children is increasing in Asia, and the virus strain(s) responsible could potentially be imported to Europe [2] .
Enteroviruses were traditionally divided into polioviruses (PV, three serotypes), coxsackie A viruses (CAV, 23 serotypes), coxsackie B viruses (CBV, six serotypes) and echoviruses (E, 28 serotypes) based on their antigenic and pathogenic properties in humans and laboratory animals [3] . However, this biological division has been replaced by a molecular classification based on VP1 sequencing, and more recently discovered EV types have been numbered in the order of their identification (50 numbered EV types by 1 April 2014) [4] . Sequence analysis of enteroviruses furthermore showed evidence for a deeper grouping into four species A-D (EV-A to D) that cuts across these previous biologically defined categories. EV within species B (all echoviruses, CBV1-6 and CAV9) are the most commonly identified cause of viral meningitis in Europe, whereas viruses causing HFMD generally fall within species A.
The first two serologically distinct HPeV types, originally described as echoviruses (E22 and E23) in the Enterovirus genus, were discovered over 50 years ago (reviewed in [5] ). However, they were renamed as HPeV and reclassified into their own Parechovirus genus in 1999 based on their molecular and biological properties [6] . Since then, a further 14 HPeV types (HPeV3 to 16) have been discovered, with HPeV type 3 specifically associated with severe neonatal CNS-infections [5] .
Laboratory detection of EV or HPeV generally uses molecular methods such as reverse transcription PCR (RT-PCR), which are faster and more sensitive than viral cell culture. The 5'non-coding region (NCR) is the most conserved region among EV and HPeV, and is therefore targeted in many diagnostic screening procedures. Unfortunately, sequences from this region provide little or no information on the (sero)type of the infecting virus, and sequencing of a structural gene region such as VP1 is required to enable type identification for EV and HPeV [5, 7] . Molecular typing is important for ensuring that PVs are not re-introduced into the countries where they have already been eradicated and for more general surveillance and epidemiological purposes. However, as a surveillance method, such screening has severe limitations given that only a very small subset of EV infections are diagnosed through referral of clinical samples for virological testing. In the United Kingdom (UK), EV detection is clinically focussed on neurological disease including viral meningitis and done very rarely in cases of, for example, HFMD since these patients are not normally hospitalised. Analysis of sewage for the presence of EV and HPeV provides an alternative and additional surveillance method without referral bias, and complements the clinical data with a potentially more accurate representation of virus types circulating in the community.
In the current study we have performed comprehensive typing of EV and HPeV detected in diagnostic clinical samples from the east of Scotland over a three-year period. Frequencies of EV and HPeV types identified in 2010 to 2012 were compared with those identified in previous years (2005 to 2010; [1] ) to provide a longer term indication of their incidences and age distributions. They were also compared with types identified as circulating in the community through sewage surveillance in Edinburgh and surrounding areas to provide a more complete description of the clinical epidemiology of EV and HPeV infections.
Methods

Cerebrospinal fluid samples
A total of 3,415 cerebrospinal fluid (CSF) samples referred to the Specialist Virology Centre in Edinburgh for virology testing during the three-year study period from 2010 to 2012 were included in this study; these were compared to previous results from 3,957 CSF samples obtained between 2005 and 2009 [1] . EV screening was done by separate RT and PCR reactions [8] until real-time EV RT-PCR (modified from [9] ) was introduced into routine use in the beginning of 2009 and combined further with real-time human parechovirus (HPeV) RT-PCR in 2011 [10] . CSF samples collected before 2011 were tested retrospectively for HPeV by RT-PCR [1, 11] . In addition, 82 EV-positive and 10 HPeVpositive CSF samples were referred for typing from elsewhere in Scotland. been included in this study. Samples submitted for typing from elsewhere in Scotland were screened using EV primers, which are also known to detect human rhinovirus (HRV).
Other clinical samples
Clinical samples positive for enterovirus and parechovirus
Samples were anonymised and archived according to the protocol approved by the Lothian Regional Ethics Committee (08-S11/02/2). Extracted RNA was amplified by a combined RT-and first-round PCR using the High Fidelity Superscript III Platinum Taq (Invitrogen, UK) followed by a second amplification reaction with nested primers specific for species B VP1 sequences [12] . If negative, the PCR was repeated with species A VP1 primers and with general VP4 primers; these also amplify HRV sequences and are also used for HRV typing. Positive HPeV samples were amplified in the VP3/ VP1 region [11] .
Sewage specimens
A total of 40 waste water samples were collected approximately a week apart in twelve consecutive months (June 2009-May 2010) from the Veolia Wastewater Treatment works, which processes all waste water from the sewage system and road run-off in the urban and surrounding areas of Edinburgh (population size approximately 650,000 people). A total of 100 g of solid waste (50 g ± 2.5 g from two sampling sites) was resuspended in 200 mL sterile phosphate buffered saline by vortexing for at least one minute to remove any particulate matter from the sample. Centrifugation and size fractionation using filters (Millipore, Pall, UK) of different pore sizes were used to enrich samples as previously described [13] . RNA was extracted from the filtrate using the Qiagen extraction kit (Qiagen, UK) and then reverse-transcribed using the Reverse Transcription System (Promega, UK). Amplification of cDNA was performed by nested PCRs using different primers for each EV species and HPeV [11, 12] .
Sequencing
Amplified VP3/VP1 and VP4 regions from clinical and sewage specimens were directly sequenced using the BigDye Terminator kit (Applied Biosystems, Warrington, UK) using inner primers [11, 12] . Sequences were aligned using SSE version 1.1 (http://www.virusevolution.org/Downloads/Software/). Figure 1A ). The highest frequency of EV infections was seen in young children under the age of three months (217/2,066, 11%), whereas individuals infected with HPeV were exclusively infants under the age of three months (58/2,066, 3%; Figure 1B ).
Results
Enterovirus and parechovirus infections
Enterovirus and parechovirus type identification
All 606 EV-positive clinical samples and 75 HPeVpositive samples were subjected to genotyping, including the sequences obtained and typed in 2005 to 2009 in our previous study [1] . 
Other clinical samples
A total of 13 different species B and six different species A EV were identified in the 50 successfully typed faecal samples, with CBV5 and EV71 being the most common types (Figure 3 ). In addition, a high proportion of EV-positive faecal samples (8/50) were identified as HRV as reported previously [14] . It is known that Number detected HPeV EV primers will detect some HRV [14] . The species A serotype, CAV6 was the most frequently identified variant among the vesicular swabs (14/19). Furthermore, a total of eight individual species A and 10 species B EV types were found in the 93 typed throat swabs, along with EV68 (species D) and several HRV strains. All four HPeV-positive faecal samples were typed as HPeV3, whereas the two HPeV-positive respiratory samples were identified as HPeV5 and one as HPeV3.
Sewage specimens
During a one-year period from June 2009 to May 2010, EV was identified in 37 of 40 sewage samples, and HPeV in 31 of 40. Samples were screened for EV using four species-specific VP1 primer sets, allowing EV from all species to be identified. However, species D EV were not detected in this study. From 353 cloned sequences obtained, a total of 95 amplicons were identified as species C and by phylogenetic analysis could be identified as CAV1 (42/95), CAV22 (27/95), CAV13 (Figure 3 ). The remaining 18 sequences clustered together but separately from all known species C types, including the newly identified EV109, EV113 and EV116-118. Their assignment as a new species C type will require complete VP1 sequences, which will be the subject of a further study. No PV was detected in sewage.
The 73 species B variants identified from sewage were most closely related to E18 (23/73), CBV2 (22/73), CBV5 (11/73), CAV9 (10/73), CBV4 (5/73) and E11 (2/73), whereas 61 species A strains clustered closely with CAV4 (39/61), CAV6 (14/61), CAV2 (5/61), CAV5 (2/61) and CAV10 (1/61). Interestingly, CAV9 and E18 were also among the most common EV detected in clinical specimens during the same time. On the other hand, although CAV4 was commonly identified in sewage, it was an example of EV-A, which has very rarely been identified in clinical specimens.
The presence of HPeV was determined using primers which amplify the VP3/1 region, enabling genotype identification. In total, 124 HPeV sequences were found; HPeV3 being the most common type (62/124), followed by HPeV6 (36/124) and HPeV1 (26/124). HPeV3 appeared in sewage one week before the first clinical case was diagnosed with HPeV3 infection (Figure 4) .
Discussion
This study describes the epidemiology of EV and HPeV infections based on CSF screening of hospitalised individuals over an eight-year period in Edinburgh, combines these data with local sewage surveillance, and samples submitted for typing from elsewhere in eastern Scotland. Because of the similar sensitivity of PCR for all EV species (A to D) [10] , our rates of detection are not influenced by variability and insensitivity of viral cell culture, an important drawback of previous EV surveillance reports that relied mainly on virus isolation. Similarly, the use of PCR provides a better reflection of the relative importance of HPeV in CNS-related disease.
Diversity of enteroviruses
Over the eight-year study period, 326 individuals presented with CNS-associated EV infection with the diagnosis established by virus detection in CSF.
Interestingly, more than half of these EV infections (58%) were observed in infants under the age of three months, a higher proportion than we found in our surveillance study covering only the first five-year period [1] . This increasing percentage may reflect decreasing seroprevalence against EV infections in Europe [15] . Surveillance data from several countries have shown that approximately 29% to 44% of CNS-associated EV infections occur in young children under the age of one year [16, 17] , but specific data on young infants are rare.
The six most common EV serotypes (all from species B) identified in CSF samples collected in Edinburgh were E9, CAV9, CBV5, E6, E11 and E30. Four of these (E6, E9, E30 and CAV9) have been among the most abundant serotypes isolated from clinical specimens in the UK and elsewhere previously [16, 17] . Although these EV types have often been associated with large outbreaks due to appearance of new recombinant forms, no outbreaks occurred over the study period in Scotland.
In addition, six different species A EV serotypes (CAV2, CAV4, CAV6, CAV10, CAV16 and EV71) were detected in CSF samples obtained from young children with sepsis-like illness, of which CAV6 was the most common type identified from subjects with HFMD. [18, 19] .
Further evidence for the widespread circulation of EV species A variants is provided by the frequent detection of CAV2, CAV4, CAV5, CAV6 and CAV10 in waste water collected in Edinburgh. However, as shown previously, some of these viruses may not always cause symptomatic infections leading to hospitalisation [3] . For example, CAV4 and CAV10 were among the EV types frequently detected in faecal samples collected from healthy Norwegian infants [20] . On the other hand, both HFMD and severe EV71 infections are spreading in Asia, as exemplified by a recent outbreak in Cambodia associated with 95% mortality. To identify potential global spread, surveillance in the UK and elsewhere in Europe is essential, including testing of community-collected samples as recently carried out in France as part of large prospective observational study [19] . Detection of EV in sewage could provide the earliest indications of such spread, although the sheer diversity of circulating EV types at any one time prevented identification of a clear temporal match between types identified in clinical and sewage surveillance specimens despite the large number of sequences obtained from the two sample sets.
Despite the adoption of PCR-based methods for virus detection, no species C EV were identified in any of the clinical specimens. However, species C EV serotypes were abundant in sewage in the Edinburgh, including CAV1, CAV13, CAV19, CAV22 and a possible new EV type. Species C enteroviruses were also the most commonly detected viruses in sewage screening on the Philippines [21] . This dichotomy is best explained by a specifically lower pathogenicity of non-polio EV-C variants [3] . Furthermore, all circulating vaccine-derived PV (cVDPV) have been shown to be recombinants of oral polio vaccine (OPV) strains and co-circulating species C EV [22, 23] . This is the first report of the existence of these less pathogenic species C non-PV EV in sewage in Europe. The authors speculate that they may serve as a reservoir for recombination and thus drive the emergence of recombinant cVDPVs in areas where OPV is still used.
Furthermore, EV68 was the only species D virus identified in clinical specimens. It has recently been associated with cases of severe respiratory tract infections in Europe [24] and elsewhere, and thus this finding was not unexpected. However, EV68 infections are generally under-recognised and underreported because the virus has an HRV-like 5'NCR and will often be reported as HRV infections. No species D EV were identified in our sewage screening despite the use of a sensitive PCR with species D-specific VP1 primers [12] . Due to the potential recent emergence of new species D EV types including EV111 and EV120 from sub-Saharan Africa, EV surveillance targeting EV-D types is also relevant. For example, EV94 within species D was identified in the Democratic Republic of the Congo from an individual with acute flaccid paralysis in 2007 and has since been shown to circulate widely in northern Europe based on seroprevalence studies [25] .
Diversity of parechoviruses
In contrast to the diversity of EV detected in CSF samples, all but two of the 68 HPeV-positive CSF samples detected over the eight-year period were HPeV3 (the exceptions being one type 1 and one type 5). HPeV3 was the most frequently identified picornavirus type in CNS-related infection in this study, and exclusively seen in young children under the age of three months (Figure 1) . The biannual cycle of HPeV3 infections observed in this study (Figure 1 ) is consistent with previous reports of much higher frequencies of HPeV3 infections occurring in even-numbered years in northern Europe [1, 5, 26, 27] . In addition, HPeV3 was absent in the sewage water collected in Edinburgh in 2009 and only appeared in sewage one week before the first clinical case was diagnosed in early 2010 (Figure 4) . Although more extensive sewage surveillance data is required, this striking correlation demonstrates the potential value of environmental surveillance in detecting changes in HPeV (and other virus) circulation and in anticipation of its subsequent clinical presentations. This is particularly relevant in the case of HPeV3 as, despite being now well recognised as a major cause of severe neonatal sepsis-like illness occasionally leading to fatality [26] , routine screening of children with sepsis-like illness is infrequent in the UK and elsewhere. HPeV infections are still considerably under-diagnosed.
